This paper presents a broadband linearization technique that can be used for mmWave amplifier circuits. It is based on the well-known principle of derivative superposition, where FETs with different operating points are connected in parallel to generate mutually cancelling third order intermodulation distortion (IM3) products. It is demonstrated by measurements in excess of 10 dB improvement in IM3 obtained from 1 GHz to 30 GHz, practically free by connecting a NMOS with very low gate bias in parallel of an amplifying NMOS. The reasons and limits of the cancellation are discussed. The inherent broadbandness of the technique makes it extremely suitable to be used in CMOS mmWave circuits.
I. INTRODUCTION
Fineline CMOS and SOI-CMOS processes are nowadays commonly used for mmWave design as they have sufficient speed and decent linearity but due to the low supply voltage, the dynamic range is often quite limited. In power amplifiers, the output swing and power is often boosted by stacked amplifier structures. However, in the intermediate amplifier stages, buffers, and phase shifters the available dynamic range remains quite narrow. In this paper, we are demonstrating the significant bandwidth of the linearization that can be achieved by combining parallel devices that have different operating points. Given the large bandwidth and the strict linearity requirements for the upcoming 5G standards [1] , this technique can be utilized for meeting those constraints without sacrificing power and silicon space.
It is well known that the value and curvature of nonlinear charge (Q-V) and I-V sources depends on the chosen operating point. This finding has led to a concept of non-linearity cancellation by combining devices at different bias points in parallel. This was originally published under the name of derivative superposition, where operating point of parallel devices have been chosen so that their dominant non-linearities cancel as well as possible [2] . In the most basic form, the non-linearity of just the I-V source I ds is considered. The Taylor series coefficients of the output I-V curve are plotted, and bias points of cancelling cubic terms are searched for. The principle has been since employed both in power amplifiers [3] and in LNAs [4] , typically improving the intermodulation distortion (IM3) about 10 dB.
In this paper, we study the bandwidth of the linearization technique of non-linearities cancellation using derivative superposition using two parallel transistors. The structure under study is shown in Fig. 1 . There are two equal-size NMOS devices with drains shorted together, and gates separately ac-coupled and biased so that one transistor is biased comfortably in the saturation region and acting as a class A amplifying device, while the other one is biased below the threshold, where its contribution to the overall gain and power dissipation is minimal, but it still manages to generate cancelling IM3 distortion.
The organization of the paper is as follows: Section II reviews the mechanism of the distortion cancellation, Section III shows the measured circuit and results, discussion is in Section IV, and conclusions are drawn in Section V.
II. LINEARIZATION USING PARALLEL DEVICES
The principle of the cancellation can be simply described as below. Let us expand all the non-linear current (I-V) and charge (Q-V) sources to polynomial expansions around the DC operating point, like shown in (1) and (2), respectively, where I ds is the transistor drain current and I cgg is the current corresponding to the rate of change of the total gate charge. Coefficients K i depend on the I-V or Q-V function shape and operating point, and are often taken as Taylor series coefficients of the current and charge functions. However, running a least-square error fit over the expected signal range usually gives a better estimate with small number of terms [5] , [6] .
The idea of using the polynomial models is that it allows easy calculation of spectral regrowth: one only builds the linear equivalent circuit, solves the node voltages, and models the non-linear terms as additional current sources in parallel with the linear elements. For equal-amplitude two-tone excitation, the cubic non-linearity causes IM3 currents of magnitude 3 4 K 3 A 3 and tone expansion/compression of 9 4 K 3 A 3 . Here the change in the sign of K 3 causes a 180 • phase shift, making cancellation possible [7] . Figure 2 shows the simulated I ds -V gs curve at a fixed drain bias, and its polynomial coefficients as a function of the bias point V GSQ . The polynomial is fitted over a ±200 mV signal range (with 1V maximum supply, V GSQ =800 mV is the highest quiescent bias point where the fit can be made). If we assume that only the cubic non-linearity matters, we notice that the device shows compressing behavior (K 3 < 0) at high gate bias but expansive behavior (K 3 > 0) near the threshold voltage, where the I-V curve is almost exponential in shape. Hence, it is possible to choose two bias points with opposite phase and thus cancelling K 3 values.
The cubic non-linearity K 3 v 3 in the I-V response results directly into IM3 output current, and this effect is broadband and insensitive to passive circuits. Also, the quadratic non-linearity K 2 v 2 can result into a third order non-linearity via multiple mixing. A square-law shape generates second harmonics and DC components, but then also operates as a square-law mixer for the fundamental and the generated second order tones. Hence, a second harmonic in the output current can mix with the fundamental in the second degree curvature of output impedance, for example, and result in additional IM3 contribution.
The case is more complicated for non-linear input impedance. Linear term affects only the gain and matching. A K 3 v 3 term will generate an IM3 at the input side, from where it propagates to the output. K 2 v 2 term generates second harmonics and baseband terms that can further mix to IM3 either in the same quadratic non-linearity in the input impedance, in the second order non-linearity of the I ds -V gs source, or in the non-linearity of the output impedance. In each node, there may also be filtering involved: second order signals are generated as currents and get multiplied by the impedance Fig. 3 . Cgg-Vgs and its polynomial model at different bias point.
seen at those frequencies. Hence, filtering the second harmonic or the DC band voltages also impacts the IM3. Figure 3 shows the expansion of total gate capacitance. This is relatively linear and, moreover, the gate impedance in this setup is low, keeping the current-to-voltage gain small. According to the simulations, any distortion components at the gate were about 20 dB lower than in the output, making their effect negligible.
III. MEASURING SETUP AND RESULTS
To verify the cancellation operation, the circuit shown in Fig. 1 was fabricated using 45 nm CMOS SOI technology. Its micrograph is shown in Fig. 4 and the measurement setup for providing common drain and separate gate biases is shown in Fig. 5 . The measurement setup consists of a vector network analyzer, probe station, differential probes, bias tee, combiner, and programmable power supply. One signal pad of each probe is used to provide bias to the gate of the transistors. The other signal pad is used for the RF signal. Bias to the common drain is provided via a bias tee. No calibration was applied. Figure 6 shows the measured IM3 levels of a two tone test for a fixed −6 dBm input power. The amplifying device has a gate bias of 0.5, 0.6, and 0.7 V, respectively (red, green, and blue curves), and the bias V GSQ of the cancelling device is swept from 0 V upwards. Hence, the right end of the curves show a situation corresponding to a 2× size device with the given 0.5, 0.6, or 0.7 V bias, and the left side of the curves depict a case where one transistor is biased to provide amplification and the other transistor is at a much lower bias. All curves show about 10 dB improvement in the IM3 level, when the bias of the cancelling device is about 150 mV. Thus, this is roughly the amount of linearization achievable.
The most important finding is that when the measurement is repeated at the center frequencies of 1, 10, 20, and 30 GHz, the cancellation performance remains essentially constant (measurement at 30 GHz is already noisy due to higher attenuation, but the shape is still similar). Hence, the achieved improvement in linearity is extremely broadband. This is because the overall IM3 is dominantly generated by cubic non-linearity. Hence, it is not affected by intermediate filtering around second harmonic region, for example.
IV. DISCUSSION Our measurement equipment was limited to 30 GHz and the achieved cancellation looks practically constant throughout the entire measured frequency range. To explain why it is so broadband, whether this is the usual case, and if we can trust our simulations on this phenomenon, we also need to look at the simulation results. Let us discuss the modeling issues first.
The main amplifier is biased in normal class A mode, therefore, its modeling is assumed as good as it can be. The cancelling device, however, is operating at low bias in a region seldom used, and also at a frequency where it can not provide much gain any more. This raises two questions: does the shape of the simulated I-V curve correspond with the reality and how does the device operate at frequency of the order of its f MAX ? The I-V curve shape question apparently is not solved very precisely. The simulations predicted up to 30 dB of improvement in IM3 over a narrow bias range of 20 mV centered around a cancellation bias of 45 mV, multiple cancellation peaks depending on the magnitude of the excitation signal, and change in the magnitude of the required V GSQ for the cancelling transistor with the frequency of the excitation signal. In measurements, we consistently had only one optimum and about 10 dB cancellation as seen from Fig. 6 .
Regarding the high-frequency behavior of the cancelling device, let us first look at the simulated phases of the fundamental and IM3 currents generated by the devices. The amplifying device behaves like a normal class A amplifier. The cancelling device shows weak fundamental gain with a phase shift, because a part of the fundamental current is caused by capacitive feed-through via C dg as seen in Fig. 7 . The IM3 current generated by the cancelling device is comparable to the IM3 current generated by the amplifying device and the phase difference between them is approximately 180 • as seen in Fig. 8 .
It is well known that lumped device models tend to fail near the f MAX of the device. Here, the f MAX drops from 196 GHz at V GSQ of 500 mV to 70 GHz at V GSQ of 150 mV. The device model for the cancelling transistor is operating at its maximum potential, thus, some problems can be expected. It is believed that, for example, non-quasi static modeling begins to have big effects here, but according to the measurements it is safe to say that while the cancelling device is not providing gain for the fundamental current, it still generates distortion that is not suffering large phase shifts, which maintains the possibility of cancellation in the summing node.
In addition to the above device properties, the bandwidth of the cancellation is significantly affected by where the distortion is generated and how. The cubic non-linearities generate the IM3 in one step, without any intermediate mixing mechanisms, where as, IM3 components from second order non-linearities are generated via multiple out-of-band mixing products and thus, their frequency response will be seen in the resulting IM3, which will yield narrow band cancellation. Here, the multiple second order mixing are not strong enough to be seen. If the gate drive impedance is increased, they can also become visible, and thus, the frequency response of the input match will affect the bandwidth of the cancellation. The measurements above were made by having two equal-sized devices in parallel. As the dimensioning criterion is to achieve equal K 3 v 3 with opposite signs, and since the non-linearity in the I-V curve is the primary contributor to IM3 here, the high positive peak of K 3 in Fig. 2 suggests that the size of the cancelling device can be reduced down to about 25% of the amplifying device. This would noticeably reduce the input and output capacitances.
V. CONCLUSIONS
The use of derivative superposition principle in linearization is well known and used in many documented circuits. In this paper, we illustrated the inherent broadbandness of the technique, about 10 dB improvement in IM3 was measured over a frequency range of 1 GHz-30 GHz. The upper frequency limit on the measurement comes from the available measurement setup and not from the circuit. This improvement in linearity was achieved because the output non-linearity was mainly caused by the memoryless cubic shape of I-V characteristics. Multiple mixing of quadratic non-linearities, on the other hand, is prone to the harmonic filtering of the intermediate nodes and will result in narrow band cancellation. Furthermore, as the cancelling transistor is operating in a region which is close to its f MAX , the simulations are not completely reliable and the shape and cancellation may be worse than in simulations.
